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Abstract
Hydrogen evolution reaction (HER) was studied in alkaline solution on Pt(poly) electrode 
modified by spontaneously deposited Ir nanoislands. Comprehensive insight into the 
characteristics of the bimetallic Ir/Pt(poly) catalysts was obtained by a combination of Atomic 
Force Microscopy (AFM), Field Emission Scanning Electron Microscopy (FESEM), X-ray 
Photoelectron Spectroscopy (XPS) and classical electrochemical techniques. HER investigations 
have shown that the presence of spontaneously deposited Ir enhances the activity of bare Pt(poly) 
in alkaline solution. This was attributed to the heterogeneity of the active surface sites and to the 
electronic interaction between two metals in close contact which together facilitated the 
adsorption of the H intermediate species. 
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Depletion of fossil fuel reserves and their ecological footprints are putting the focus on 
renewable and green energy as one of the current issues of the modern life. Over the last five 
decades, hydrogen has been considered as the best energy carrier due to its high energy density 
and zero emission of greenhouse gases [1,2]. Currently, the main obstacle that hinders 
widespread usage of fuel cells and globalization of the so-called “hydrogen economy” is the fact 
that hydrogen is still being predominantly produced by the steam reforming of the natural gas 
and only to a minor extent (~ 4%) from the sustainable processes [3–5]. One of the most 
convenient routes to obtain green and high purity hydrogen is water electrolysis in which the 
hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) occur as the 
cathodic and anodic processes, respectively [3–6]. Although a major bottleneck for large scale 
applications of water splitting is sluggish kinetics of OER, a search for advanced cathodic 
materials for HER is still a hot topic that receives continues attention. Besides being a part of the 
water splitting and other industrially relevant processes, HER has a pivotal role in the 
fundamental understanding of electrochemical kinetics and as such is one of the most deeply 
studied reactions [7,8].
Traditionally, platinum group metals are the most active materials for HER with Pt as the 
best catalyst that sits on the top of the Volcano plots followed by Rh, Ru and Ir [9–14].  
Although the long term idea is to reduce and then to completely replace scarce and expensive 
metals by more abundant and comparably active materials, Pt-based state of the art catalysts are 
still the most convenient for the fundamental understanding of the possibilities for the additional 
optimization of their activities. The main descriptor for the HER activity is the binding energy of 
the adsorbed H intermediate species, which according to the Sabatier principle should be neither 
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too strong nor too weak [15]. Therefore, the main route to enhance the activity of Pt is to tune the 
H binding energy which can be achieved by the modification of Pt catalysts with foreign metals. 
In this kind of bimetallic structures, electronic properties of Pt can be modulated by the 
interaction with the foreign metal that affects the H binding energy in a desirable manner and 
hence promotes HER activity [16]. This would automatically imply that the activities of both 
constitutive metals for HER are surpassed and that synergism is achieved as the ultimate goal in 
electrocatalysis. This approach of modifying the Pt catalysts with foreign metal has been widely 
exploited as a variety of Pt-based binary electrodes have been studied ranging from fundamental 
works on modified bulk Pt electrodes up to modern Pt based nanoparticles [17–22]. If one 
focuses on the platinum group metals, representative examples are different Pd-Pt bimetallic 
structures where presence of Pd promoted the activity of Pt for HER [19,23–26]. In our group, 
HER was studied on model bimetallic Pd/Pt(poly) electrodes prepared by the spontaneous 
deposition method which has also shown enhanced activity with respect to bare Pt(poly) [26]. 
We have extended these studies to the parallel Rh/Pt(poly) system where higher activity for HER 
than that of Pd/Pt(poly) was observed and explained by the higher susceptibility of the Rh 
deposit to the electronic interplay with Pt substrate [26]. 
In a further consideration of feasible model binary electrocatalysts for HER, Ir appears 
like a good candidate due to its high activity [9–14] and due to the fact that it is already involved 
in water splitting as one of the most active materials for anodic OER [27,28]. Various Ir-Pt 
structures were investigated in electrocatalysis of different energy conversion and storage related 
reactions [29–34], but to the best of our knowledge there are no reports about HER of any kind 
on bimetallic Ir-Pt catalysts. Concerning the HER, there are several examples where Ir was used 
to modify Ni-based catalysts and a tendency of approaching the activity of Pt for HER was 
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observed [35–37]. More recently, our group has shown that Ir/Au(111) structures prepared by the 
spontaneous deposition exhibited pronounced HER activity in an alkaline solution [38]. These 
studies showing that Ir can be successfully applied in HER electrocatalysis on model bimetallic 
electrodes and the mentioned lack of corresponding literature for Ir/Pt structures impose a logical 
and rather appealing task to investigate HER on bimetallic Ir/Pt catalysts. 
In the present contribution, model Ir/Pt(poly) electrodes were prepared via spontaneous 
deposition as the method commonly used in our group [26]. Bimetallic Ir/Pt(poly) electrodes 
were characterized by a combination of surface science techniques and classical electrochemical 
methods. Atomic Force Microscopy (AFM) imaging provided information about surface 
topography on a nanoscale, and enabled a precise estimation of Ir coverage. Field Emission 
Scanning Electron Microscopy (FESEM) provided additional characterization of the surface 
properties on a larger scale and corresponding elemental mapping across Ir/Pt(poly) surface. 
Insight into the exact chemical nature of spontaneously deposit Ir was obtained by X-ray 
Photoelectron Spectroscopy (XPS). Cyclic Voltammetry (CV) was explored as a standard 
electrochemical technique for the characterization of obtained electrodes in alkaline solution. 
Electrochemical investigations regarding the activity of Ir/Pt(poly) electrodes towards HER were 
performed in an alkaline solution using Linear Sweep Voltammetry (LSV). 
2. EXPERIMENTAL
Pt(poly) rotating disc electrode (5 mm diameter, Pine Instruments Co.) was used as 
substrate for spontaneous deposition of Ir nanoislands. Electrochemical polishing was applied for 
preparation and cleaning of the Pt(poly) electrode. Spontaneous deposition was performed by 
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immersion of Pt(poly) at an open circuit potential (OCP) into 1 mM IrCl3∙xH2O solution 
in 0.05 M H2SO4 for the chosen deposition times of 1, 3 and 30 minutes. Extensive rinsing with 
ultrapure water was applied to prevent the deposition beyond the desired time by removing the 
excess of Ir solution. After each experiment, Ir deposits were removed by a repetitive 
electrochemical polishing until a clean Pt(poly) electrode surface was restored. Ir/Pt(poly) 
electrodes were further subjected to characterization by a combination of surface science 
techniques. 
AFM was used to reveal nanoscale surface properties of bimetallic Ir/Pt(poly) electrodes. 
Ex situ AFM imaging was performed under ambient conditions in the tapping mode using 
MultiMode Quadrex SPM with Nanoscope IIIe controller (Veeco Instruments, Inc). Surface 
features of Ir/Pt(poly) catalysts such as morphology, size, distribution of Ir nanoislands and total 
Ir coverage were obtained by simultaneous recording of height and phase AFM images across 
various sites over the electrode surface. 
Field Emission Scanning Electron Microscopy with Energy Dispersive X-ray 
Spectrometer, (FESEM-EDS, FEI Scios 2) was used for morphology studies, as well as for 
elemental composition studies of the Ir/Pt(poly) catalyst. The acceleration voltage between 
cathode and anode was equal to 12 kV. A freshly prepared sample was analyzed by FESEM and 
EDS at the pressure of 8.2 × 10-5 Pa.
XPS was used to get an insight into the surface chemical composition and into the 
electronic state of the surface constituents of bare Pt(poly) and Ir/Pt(poly) electrode obtained for 
30 min deposition. SPECS System with XP50M X-ray source for Focus 500 and PHOIBOS 
100/150 analyzer, and AlKα source (1486.74 eV) at a 12.5 kV and 32 mA was used for this 
study. XPS spectra were obtained at a pressure in the range of 3×10-8 - 2×10-9 mbar. Survey X-
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ray photoelectron spectra of both electrodes were recorded first in the binding energy region 
from 0-1000 eV, with the energy step of 0.2 eV, dwell time 0.5 s and pass energy of 40 eV in the 
FAT mode. From these spectra the binding energy regions of the main peaks of the elements 
from which the corresponding electrodes were composed of were identified. The C 1s 
photoelectron line originating from carbon as a contaminant was also identified in both cases at 
the same position of 283.7 eV. Accordingly, high resolution spectra of the main 4f peaks 
characteristic for Pt and Ir, as well as O 1s and Cl 2p peaks were recorded with the energy step of 
0.1 eV. Due to the low intensity, the XPS data for Ir 4f peaks were obtained as a sum of 10 
consecutive scans. The XPS data were collected by SpecsLab data analysis software and 
analyzed using CasaXPS software, both provided by the manufacturer.
Electrochemical measurements were performed in a conventional three electrode cell, 
with Pt(poly) (bare or modified) as the working electrode, Pt wire as the counter electrode and 
Ag/AgCl, 3 M KCl as the reference electrode. All potentials in this work are quoted with respect 
to the used reference electrode. Electrochemical characterization of bare Pt and Ir/Pt(poly) 
electrodes was conducted by cyclic voltammetry in 0.1 M NaOH solution at a scan rate of 50 mV 
s-1. Activities of modified electrodes for HER were investigated by linear sweep voltammetry in 
the same alkaline electrolyte saturated with molecular hydrogen at a scan rate of 10 mV s-1. 
Steady-state measurements were performed for Pt(poly), Ir(poly) and the most active 1 
min Ir/Pt(poly) electrodes in hydrogen saturated electrolyte in order to obtain Tafel plots for a 
proper evaluation of a Tafel slope as a crucial parameter in HER mechanism. Starting from the 
value sufficiently more positive than the theoretical equilibrium potential for HER (-0.98 V vs. 
Ag/AgCl, 3M KCl reference electrode in 0.1 M NaOH), the applied electrode potential was 
decreased sequentially until equilibrium HER potential of -0.967 V, at which current equals zero, 
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was determined. Slight deviation (~13 mV) from the theoretical value can be linked with the 
deviation of the potential of the used reference electrode from the ideal value. The overpotential 
for HER is then calculated as the difference between determined equilibrium potential and the 
measured potential. Chronoamperometric curves were recorded up to the overpotential of 120 
mV with the step of 5 mV. Each applied potential was held for 200 s and a corresponding 
chronoamperometric response was recorded. Rotation of the electrodes at 1600 rpm was applied 
to prevent the accumulation of the evolved hydrogen. Steady-state current density values were 
taken for t = 200 s (usually established already at t ≤ 100 s) for Tafel slopes construction.
It is important to note that all electrochemical measurements were conducted in entirely 
separated experimental setups starting from electrode cleaning and preparation. This ensures 
controlled reproducibility and prevents any artifacts related to the changes in the structure of 
modified electrodes due to the previous experimental work. Before each electrochemical 
experiment, bimetallic electrodes were held at the potential of -0.45 V during 15 minutes in the 
nitrogen saturated 0.1 M NaOH electrolyte to promote stabilization of Ir deposit.
Since all electrochemical measurements have been performed in alkaline electrolyte, 
glass corrosion and subsequently its influence on the catalytic activity of examined electrodes for 
HER should be taken into account according to previous reports [39,40]. However, we believe 
that glass corrosion does not play a decisive role in this work due to the several experimental 
conditions. Namely, 0.1 M NaOH electrolyte was prepared daily fresh in the thoroughly cleaned 
glass volumetric flask and it was consumed briefly (t < 2h). Collecting of the CV or LSV curves 
usually lasted less than 30 minutes and then cell was disassembled and thoroughly cleaned for 
the next measurement. When using bare Pt as working electrode even for a longer time than 
given above, we have not observed the pronounced influence of the glass corrosion on the CV 
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features as seen in refs. [39,40]. Therefore, in the cases of recording of the CVs and LSV curves 
the leaching of the glass from both volumetric flask and cell due to the contact with alkaline 
solution should be minimized. However, the current drop observed during steady state 
measurements can be associated with the glass corrosion since these experiments demanded 
more time.   
Depositing solution was prepared from IrCl3∙xH2O and suprapure H2SO4 manufactured 
by Mateck and Merck, respectively. Working electrolyte solutions were prepared from NaOH 
pellets provided by Merck and deaerated by purging with high purity nitrogen (99.999%, 
Messer) for at least 15 minutes, or saturated by bubbling the high purity hydrogen (99.999%, 
Messer) during 10 minutes. All solutions were diluted with ultrapure water (Milli-Q from 
Millipore). All experiments were performed at room temperature.
3. RESULTS AND DISCUSSION
3.1. Spontaneous deposition of Ir on Pt(poly)
Spontaneous deposition was carried out by immersion of Pt(poly) substrate into 1 mM 
IrCl3 + 0.05 M H2SO4 solution at open circuit potential (OCP). Monitoring of the OCP during 
the spontaneous deposition can provide insight into the deposition rate and possible oxidation 
states of the deposit and the substrate. For these purposes, chronopotentiometric curves recorded 
during 30 minutes of immersion of Pt(poly) into Ir containing and Ir free 0.05 M H2SO4 solution 
and during the contact of Ir(poly) electrode 0.05 M H2SO4 free of Ir ions, and corresponding 
cyclic voltammograms are presented in Fig. 1. 
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Spontaneous deposition rate can be discussed through the change of the OCP with time, 
Fig. 1a. For both bare Pt(poly) and Ir(poly) immersed into the base 0.05 H2SO4 solution, the OCP 
decreases upon immersion due to the specific adsorption of sulfate anions and reaches a plateau 
after a certain immersion time when the adsorption/desorption equilibrium is established. When 
Pt(poly) electrode is immersed into the same base solution containing Ir depositing anions, the 
OCP value decreases during the first couple of minutes. With the prolongation of time (t > ~4 
min), OCP changes are far less pronounced meaning that deposition slows down. This could 
indicate that saturation coverage of Ir is reached within first several minutes of deposition and 
that it does not change significantly with further prolongation of the time. It should be noted that 
the initial decay of the OCP is associated to the specific adsorption of both sulfate anions from 
the base solution and negatively charged Ir complexes (see ref. [38]), resulting in the formation 
of Ir deposit, the nature of which will be determined by XPS.
CV curves of bare Pt, Ir and 30 min Ir/Pt electrodes recorded in 0.05 M H2SO4 solution 
free of Ir ions are presented in Fig. 1b. Since CV characterization of all electrodes was performed 
in alkaline solution and will be discussed later on, CVs in acid solution will not be discussed in 
details. CVs of Pt(poly) [41] and Ir(poly) [42] electrodes are in good agreement with literature 
data, while CV of 30 min Ir/Pt(poly) electrode shows clear changes with respect to the Pt(poly) 
as the first confirmation of the presence of spontaneously deposited Ir. These changes are 
primarily referred to the suppression of Hupd and Pt oxide formation/reduction peaks. The values 
of the OCP established during Ir deposition on Pt (Fig. 1a) are matching with the oxidation 
region of Pt(poly), Ir(poly) and Ir/Pt(poly) electrodes (Fig. 1b). This indicates that Ir is at least 
partly deposited in its oxide form on top of Pt(poly) substrate, which can also be partly oxidized. 
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Additionally, thermodynamic possibility of spontaneous deposition of Ir on Pt requires 
comparison of the standard half reaction potentials corresponding to the oxidation of Pt substrate 
and reduction of Ir species from the depositing solution. Acid solution of IrCl3xH2O used in this 
work contains a mixture of Ir3+ and Ir4+ complexes in the redox equilibrium as already 
summarized in ref. [38]. Namely, species like Ir(H2O)3Cl3 and [Ir(OH)6]3−, [IrCl6]3−, [IrCl6]2− and 
[Ir(OH)6]2− can be present depending on the aging of the solution. This means that during Ir 
deposition on Pt(poly) substrate Ir3+/Ir4+ species would be reduced while Pt substrate would be 
oxidized (electroless deposition). Since thermodynamically this process would not occur 
spontaneously, this means that in this case some other mechanism should be taken into 
consideration. This will be further corroborated by the analyses of the exact chemical 
composition of the Ir/Pt(poly) electrode, using XPS as will be shown below. 
3.2. AFM surface topography and phase imaging
AFM height image of bare Pt(poly) substrate surface is presented in Fig. 2. Topography 
of polycrystalline platinum is shown in Fig. 2a, where it can be seen that the surface consists of 
smaller domains of various facets. Cross section along the line indicated in the image, Figure 2b, 
shows that these facets are approximately 20 to 50 nm wide and up to 6 nm high. The phase 
image is not shown as there is no deposit on the surface, meaning that there is no chemical 
contrast to be observed.
Height and phase AFM images of Ir/Pt(poly) obtained after 1 min deposition have 
already been reported in ref. [43]. The coverage of Pt(poly) substrate with the deposited Ir 
islands was (80 ± 2)%. The individual Ir islands, 10 – 25 nm wide, and 0.25 – 1 nm high, were 
agglomerated to form larger (up to 100 nm) islands. AFM images of the Ir/Pt(poly) electrode 
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obtained after 30 minute Ir deposition are shown in Fig. 3. The surface topography giving the 
height and width of the deposited Ir islands is given in Fig. 3a. The cross section outlined by the 
line on Fig. 3a, giving the heights and widths of the deposited islands is presented in Fig. 3b. The 
red dotted line on Fig. 3b indicates where the bulk platinum surface ends and the iridium islands 
starts. The height of the islands ranged from around 0.25 – 1.5 nm or around 1 – 4 monolayers. 
Furthermore the image also shows that the width of the islands range from 50 – 150 nm. The 
variations of the chemical composition of the Ir/Pt(poly) surface are shown by corresponding 
phase AFM image given in Fig. 3c. The difference in chemical composition across the line on 
Fig. 3c is shown in Fig. 3d. The blue dashed line on Fig. 3d divides the exposed platinum surface 
below and above the line the deposited iridium. From this image we take the threshold for bare 
Pt to be at – 3.0°. This limit is then used to produce Fig. 3e where the blue color (background 
color) represents the bare Pt surface and the yellow the deposited Ir. From Fig. 3e, coverage of 
(95 ± 2)% for the 30 minute deposited iridium on Pt(poly) was estimated. In Fig. 3f one can see 
the width of the islands from a cross section on Fig. 3e, represented by the line, where in this 
case the islands range from 50 – 100 nm.
3.3. FESEM-EDS characterization 
FESEM analysis of the bi-metallic Ir/Pt(poly) electrode and its corresponding EDS 
elemental mapping are shown in Fig. 4. The FESEM micrograph of the analyzed sample is 
presented in the Fig. 4a. EDS elemental mapping of deposited Ir onto Pt(poly) is given in Fig. 4 
(b - d). In addition to the deposited Ir, the presence of oxygen on the sample surface is also 
noticed. Oxygen, iridium and platinum are presented with different colors: O (grey), Ir (cyan) 
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and Pt (yellow). The images show that oxygen is present in traces on the sample surface, while 
iridium is distributed relatively uniformly over the specimen. 
A typical X-ray spectrum, collected with an EDS system from the area observed in Fig. 
4a is shown in Fig. 4e. The EDS spectrum directly revealed the presence of the atomic elements 
O, Ir and Pt on the sample surface. These peaks occur in the energy range of 0.2 keV to 
approximately 4 keV. It can be seen from the spectrum that the peaks for Pt and Ir are 
overlapped. Since Pt and Ir have very similar atomic weights, EDS mapping was not able to 
easily distinguish these two peaks. Similar overlapping of Ir and Pt peaks was found for IrPt 
alloy nanoparticles designed for electrocatalytic applications [44].
3.4. XPS spectra of Ir/Pt(poly))surface
High resolution spectra of Pt 4f doublets for bare Pt(poly) and for Ir/Pt(poly) electrodes 
are presented in Fig. 5. For both electrodes, Pt 4f doublets are fitted to two components. For bare 
Pt(poly), Fig. 5a, the first component, which consists of 4f7/2 and 4f5/2 lines positioned at 70.4 eV 
and 73.7 eV, respectively, correspond to metallic platinum [45,46]. The second component 
consisting of 4f7/2 and 4f5/2 lines positioned at 71.9 eV and 75.2 eV, respectively, correspond to 
PtO [46]. The peak separation of 3.3 eV in both cases is in agreement with literature data 
[45,46]. When Pt(poly) surface is covered with Ir overlayer, Fig. 5b, the positions of both lines 
corresponding to metallic Pt remain unchanged, while the ones corresponding to PtO are shifted 
to lower binding energies: 4f7/2 for 0.2 eV and 4f5/2 for 0.4 eV. Consequently for the latter one 
the peak separation changes to 3.1 eV. This down shift of Pt 4f binding energies infers to the 
electronic effect caused by the presence of the deposited Ir overlayer. 
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High resolution spectra of Ir 4f, O 1s and 2p photoelectron lines for Ir/Pt(poly) are 
presented in Fig. 6. Both Ir 4f7/2 and 4f5/2 lines are fitted to two components, Fig. 6a. The first 
component at lower binding energies consists of two peaks at 61.1 eV and 63.9 eV, which 
according to the literature data (60.8 eV and 63.8 eV in ref. [47]) correspond to metallic iridium. 
The second doublet at higher binding energies of 61.8 eV and 64.6 eV correspond to either IrO2 
(61.9 eV and 64.9 eV in ref. [47]) or to Ir(OH)3 (62.0 eV and 65.0 eV in ref. [48]). In both cases 
Ir doublets separation is 2.8 eV, a bit lower than 3.0 eV according to literature data [47]. 
O 1s photoelectron line is fitted to two components, Fig. 6b. The first component at lower 
binding energy of 530.8 eV can be ascribed to originate from either IrO2 (530.5 eV in ref. [47]) 
or from PtO (530.5 eV in ref. [48]). Besides, O 1s line recorded together with spectra for bare 
Pt(poly) from Fig. 5a, is positioned at 531.0 eV (not presented) and its origin can be ascribed to 
PtO. The second component, at higher binding energy of 532.2 eV can be assigned to hydroxide 
species (531.5 eV in ref. [47], and 532.0 eV in ref. [48]). This analysis of O 1s binding energies 
confirms the presence of both IrO2 and Ir(OH)3.
Cl 2p photoelectron line is fitted to two components, Fig. 6c. Cl 2p doublet consists of 
two lines, 2p3/2 at 198.4 eV and 2p1/2 at 200.0 eV, with the proper doublet separation of 1.6 eV. 
According to literature, this chlorine originates from solvated hydrochloric acid, HCl.nH2O 
(198.3 eV in ref. [49]). It is worth noting that there are no Cl 2p lines which can be associated 
with chlorine originating from any IrClx species (Cl 2p3/2 at 199.2 eV in ref. [50]), confirming 
the analysis above according to which Ir is spontaneously deposited on Pt as a mixture of 
metallic Ir and IrOx species. In contrast to this case, when Ir is spontaneously deposited from the 
same solution on Au as substrate, the deposit consists of IrCl3 and IrOx, but no metallic Ir [38]. 
The Cl 2p peak at 197.0 eV can be assigned to chloride originating from HCl chemisorbed not 
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directly at Ir metal site but on preoxidized Ir like in the case of Pd, where it undergoes 
chemisorbed replacement reaction [51].
To summarize, XPS analysis of bimetallic Ir/Pt(poly) surface has revealed that Ir is 
spontaneously deposited as a mixture of metallic Ir, IrO2 and Ir(OH)3 species. Since XPS 
measurements were performed immediately after the spontaneous deposition and electrode 
rinsing with water, we believe that the composition of the surface should not change during the 
brief electrode transfer into XPS chamber. For the electrochemical measurements (see below), 
the bimetallic electrodes were additionally protected by a droplet of water during the transfer into 
the cell, thus their exposure to the ambient conditions is minimized again. However, it can be 
assumed that the relative amount of metallic Ir and Ir-oxide species changes during the exposure 
of the bimetallic electrode to the alkaline solution and potential applied during electrochemical 
measurements. 
According to these XPS results, we can now propose that spontaneous deposition of Ir on 
Pt(poly) involves the adsorption and the discharge of different Ir3+/Ir4+ complexes, which are 
further decomposed and oxidized on the surface of Pt. Similarly as in the case of Rh/Au(111) 
[52], Pt substrate most likely acts only as a catalysts for spontaneous deposition, but not as a 
reducing agent. Since spontaneous deposition of Ir on Pt(poly) was performed from non-
deaerated depositing solution, we assume that the OCP presents a mixed potential between 
cathodic oxygen reduction reaction and a partial anodic oxidation of Pt and Ir. In the case when 
Pt electrode is immersed into the base solution containing Ir depositing anions, the discharge of 
the adsorbed Ir complexes takes part as the anodic reaction similarly like in the case of 
Rh/Au(111) system [52].  
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3.5. Electrochemical characterization of Ir/Pt(poly) electrodes
Electrochemical characterization of Ir/Pt(poly) electrodes was carried out in 0.1 M NaOH 
and the obtained CVs are given in Fig. 7. For adequate comparison, Fig. 7 is supplemented with 
the CV profiles of bare Pt(poly) and Ir(poly) electrodes. Potential window for Pt(poly) and 
Ir/Pt(poly) electrodes was set between -0.85 V and -0.45 V, while for Ir(poly) negative potential 
limit was extended to -0.90 V in order to include full Hupd region. Current densities are referred 
to electrochemically active surface areas (EASAs) calculated from the CO stripping 
voltammetry, as shown in our recent work [43]. EASA values were 0.21 cm2, 0.25 cm2, 0.22 
cm2, 0.23 cm2 and 0.23 cm2 for Pt(poly), Ir(poly), 1 min Ir/Pt(poly), 3 min Ir/Pt(poly) and 30 min 
Ir/Pt(poly) electrodes, respectively. 
In accordance with previous reports, CV profile of bare Pt(poly) contains two pairs of 
reversible Hupd peaks placed at the potentials of -0.69 V and -0.57 V [26,53]. As for Ir(poly), 
three pairs of reversible peaks centered at -0.82 V, -0.73 V and -0.64 V appear in Hupd region, 
which is again in good agreement with literature [54,55]. 
The main features of the CVs corresponding to the Ir/Pt(poly) electrodes are the potential 
shifts of the Hupd peaks and the suppression of their intensities with respect to the bare Pt(poly). 
The first Hupd peak is broadened and shifted to the more negative potentials on which Hupd does 
not occur on bare Pt but it occurs on Ir. The second Hupd peak is barely distinguishable and also 
shifted negatively with respect to the bare Pt(poly). This clearly indicates that the energetics of 
the interaction of the bimetallic surfaces with the adsorbed Hupd species is changed with respect 
to the bare Pt(poly). The suppression of the Hupd peaks becomes more pronounced as the Ir 
coverage increases which indicates increasing inaccessibility of the Pt surface for the adsorption 
of Hupd species. The explanation for the suppression of the Hupd peaks can be found in the 
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presence of non-metallic Ir species on top of Pt(poly), similarly like in the case of Ir/Au(111) 
electrodes [38]. This assumption is in line with the discussion about the XPS spectra of 
Ir/Pt(poly) electrode (see Fig. 6) according to which the presence of oxide Ir species is detected. 
The fact that spontaneously deposited Ir-oxide species are not completely reduced after recording 
of the cyclic voltammograms in the given potential limits preceded by the potential holding also 
indicate the presence of non-reducible IrOx as suggested earlier in ref. [38]. As a consequence of 
the suppression of Hupd peaks EASA cannot be calculated from the charge under the Hupd peaks, 
which is otherwise used for EASA determination of both bare Pt(poly) and Ir(poly) [56]. In 
contrast to this, CO stripping voltammetry, as another commonly used method for EASA 
evaluation [56], showed slight increase of the EASAs for the bimetallic Ir/Pt(poly) electrodes 
with respect to Pt(poly) [43]. 
3.6. HER on bimetallic Ir/Pt(poly) electrodes in alkaline solution
The activities of bimetallic Ir/Pt(poly) electrodes for HER were investigated in hydrogen 
saturated 0.1 M NaOH solution by LSV. Collected polarization curves together with the ones 
corresponding to the bare Pt and Ir electrodes are given in Fig. 8. It is clear that the order of 
activities for HER follows the line Ir(poly) < Pt(poly) < Ir/Pt(poly), meaning that synergism is 
achieved for bimetallic electrodes. Pt(poly) and Ir/Pt(poly) electrodes exhibit similar activities at 
the onset of the hydrogen evolution reaction, while bimetallic electrodes become more active 
with the increase of the overpotential. Among different Ir/Pt(poly) electrodes, the one obtained 
for 1 min Ir deposition (with the lowest Ir coverage of 80% ) has shown the highest activity, 
which decays with the increase of the Ir coverage. Potential corresponding to the current density 
of -10 mA cm-2 shows the enhancement of 80 mV for 1 min Ir/Pt(poly) electrode with respect to 
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Pt(poly), which drops down to around 50 and 20 mV for Ir/Pt(poly) electrodes obtained after 3 
and 30 minutes of deposition, respectively. 
Tafel plots constructed using the data from steady–state measurements of HER on 
Ir(poly), Pt(poly) and 80% Ir/Pt(poly) in hydrogen saturated 0.1 M NaOH are given in Fig. 9. As 
an illustration a set of chronoamperometry curves recorded at η = 50 mV is given as an inset. 
Tafel analysis demand a brief recalling of the HER mechanism. In alkaline media hydrogen 
evolution reaction begins with the adsorption of H intermediate through the discharge of water in 
the so-called Volmer step. In the next step, H intermediate species ought to be removed from the 
catalyst surface to enable further continuation of the reaction. This can be achieved either 
through the chemical recombination of two adsorbed H intermediates in the so-called Tafel step 
or through the electrochemical recombination in the so-called Heyrovsky step [57,58]. 
For all examined electrodes, Tafel slopes of -(60 ± 5) mV dec-1 and -(120 ± 5) mV dec-1 
were fitted at lower and higher overpotentials, respectively. The obtained values and the change 
of the Tafel slopes with the increase of the overpotential are in accordance with earlier studies of 
HER on different Pt electrodes in alkaline solutions [59,60]. Mechanism of HER appears to 
follow both Volmer-Tafel and Volmer-Heyrovsky pathways, the former being predominant at 
low overpotentials, while the latter prevails with the increase of the overpotential [26,59,60]. 
However, there are studies of HER kinetics on Pt in alkaline media that showed only one defined 
Tafel slope of -120 mV dec-1 which is ascribed to the Volmer-Heyrovsky mechanism [61,62]. 
Since DFT calculations have shown that the activation energies for both Tafel and Heyrovsky 
steps on Pt are comparable [63], and taking into account our observations, we find it reasonable 
to assume that both mechanisms are operative but at different overpotentials.
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The origin of the enhanced catalytic activity of Ir/Pt(poly) electrodes for HER can be 
found in tuning of the H intermediate binding strength through the electronic interaction between 
Pt substrate and Ir deposit. The highest HER activity is obtained for 80% Ir/Pt(poly) electrode 
(the lowest coverage among investigated electrodes), which can be related with the most 
pronounced surface heterogeneity. It can be supposed that bimetallic surface heterogeneity 
involving bare Pt sites, Ir islands and bimetallic Ir/Pt junctions on this particular 80% Ir/Pt(poly) 
surface causes the strongest electronic interplay between Pt substrate and Ir deposit. 
Accordingly, HER commences by the adsorption of H intermediate on Ir/Pt junctions as 
energetically the most favorable sites and proceeds further on the other active sites as well. With 
the increase of Ir coverage up to the full, the Ir islands height also increases, while the 
heterogeneity of the surface decreases. Consequently, the electronic interplay between the 
underlying Pt and the deposited Ir islands weakens. This leads to the slight decrease of the HER 
activity, although it still remains higher than the activity of bare Pt(poly) electrode. 
Additionally, it is interesting to compare hereby presented results with our earlier report 
concerning HER on parallel Pd/Pt(poly) and Rh/Pt(poly) electrodes [26]. While the coverage of 
the most active Ir/Pt(poly) and Rh/Pt(poly) electrodes were comparable (80% Ir vs. 75% Rh), the 
coverage of Pd in the most active Pd/Pt(poly) was 50%. All these bimetallic electrodes are more 
active for HER than bare Pt(poly) with the order of activities Rh/Pt(poly) > Pd/Pt(poly) > 
Ir/Pt(poly), and in all cases explanation of the enhancement was in the electronic interaction 
between the deposit and Pt substrate. Besides the sole nature of the deposited metals, observed 
trend in the activities can be explained by taking into account the influence of the deposit 
structure on the electronic interaction with Pt substrate. The order of activities between 
Rh/Pt(poly) and Pd/Pt(poly) electrodes was explained by the difference in the structures of the 
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deposits, as Rh islands were smaller in size and homogeneously distributed, while Pd islands 
were larger, agglomerated and randomly distributed. This led to the more pronounced electronic 
interaction in the case of Rh/Pt(poly) electrodes and hence to the higher activity for HER. In the 
case of Ir/Pt(poly), the Ir islands are also agglomerated into larger and wider domains which can 
lead to the less pronounced electronic interplay with Pt substrate than in the cases of both Rh and 
Pd. As a consequence, catalytic effect of spontaneously deposited Ir on the activity of Pt(poly) 
for HER is slightly lower than in the cases of Pd and Rh. Nevertheless, the synergistic effect 
observed for model Ir/Pt(poly) electrodes certainly opens up an outlook towards bimetallic Ir-Pt 
nanostructures as feasible catalysts for HER. 
4. CONCLUSION
In this work, we have demonstrated that the presence of spontaneously deposited Ir 
enhances the activity of Pt(poly) for hydrogen evolution in alkaline solution. AFM imaging has 
revealed that Ir coverage ranged from 80% up to a full coverage depending on the applied 
deposition time. Elemental mapping of the Ir/Pt(poly) electrode, provided by FESEM-EDS, has 
detected the presence of Ir, which was further shown to be spontaneously deposited as a mixture 
of metallic Ir and IrOx species by a corresponding XPS analysis. HER investigations revealed 
that all Ir/Pt(poly) electrodes were more active than bare Pt(poly), meaning that synergistic effect 
was achieved. 80% Ir/Pt(poly) exhibited the highest activity, which slightly decayed at higher Ir 
coverage but still remained more active than Pt substrate. The enhancement of the HER activity 
and the observed inverse correlation between the activities of Ir/Pt(poly) electrodes and 
increasing Ir coverage were ascribed to the suitable alteration of the binding energy of H 
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intermediate adsorption as the first step in HER mechanism. Both the heterogeneity of the active 
surface sites and the electronic interaction between Pt substrate and Ir deposit are the main 
factors contributing to the observed synergistic effect. 
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Figure 1. (a) OCP changes during immersion of Pt(poly) and Ir(poly) into neat 0.05 M H2SO4 
and during spontaneous deposition of Ir onto Pt(poly) from 1mM IrCl3∙xH2O+0.05 M H2SO4; (b) 
CVs of the Pt(poly), Ir(poly) and the obtained 30 min Ir/Pt(poly) electrodes recorded in neat 0.05 
M H2SO4 solution at a scan rate of 50 mV s-1.
Figure 2. AFM image (500 × 500) nm2 of a bare Pt(poly) electrode surface showing: a) the 
topography (z–range 13.2 nm); b) cross section along the line indicated in the image.
Figure 3. AFM images (500 × 500) nm2 of a Ir/Pt(poly) electrode obtained after 30 minutes 
deposition showing: a) surface topography (z–range 2.8 nm); b) cross section along the line 
presented in the height image; c) the corresponding phase image (z–range 11.5°); d) cross section 
along the line indicated in the phase image, the dashed line -3.0° separates a response from the 
deposited Ir islands and Pt(poly) surface; e) and f) resulting AFM image and cross section 
obtained after removing contributions from the Pt(poly) substrate.
Figure 4. FESEM-EDS characterization of bi-metallic Ir/Pt(poly) electrode: a) FESEM image; 
(b-d) corresponding EDS elemental mapping of O, Ir and Pt, respectively and e) EDS spectrum 
of the sample.
Figure 5. High resolution XPS spectra showing Pt 4f photoelectron lines taken from: a) Pt(poly); 
b) Ir/Pt(poly). 
Figure 6. High resolution region XPS spectra taken from Ir/Pt(poly) showing the fitted binding 
energies of: a) Ir 4f; b) O 1s; c) Cl 2p photoelectron lines. 
Figure 7. Cyclic voltamogramms of Pt(poly), Ir(poly) and Ir/Pt(poly) electrodes recorded in 0.1 
M NaOH at a scan rate of 50 mV s-1. Current densities are given with respect to EASAs. 
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Figure 8. Polarization curves for HER on Pt(poly), Ir(poly) and Ir/Pt(poly) electrodes recorded 
in hydrogen saturated 0.1 M NaOH at a scan rate of 10 mV s-1. Current densities are given with 
respect to EASAs. 
Figure 9. Tafel plots for HER on Pt(poly), Ir(poly) and 1 min Ir/Pt(poly) electrodes in 0.1 M 
NaOH obtained from steady-state measurements in hydrogen saturated 0.1 M NaOH at 1600 
rpm. Inset shows a representative set of steady-state curves for HER recorded at η = 50 mV. 
From such curves recorded for different overpotentials, the data for current densities at t=200 s 
were taken for the construction of Tafel plots.
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 Bimetallic Ir/Pt(poly) electrodes were prepared by spontaneous deposition.
 Ir/Pt(poly) electrodes were characterized by AFM, FESEM and XPS.
 The highest activity for HER in alkaline solution was obtained on 80% Ir/Pt(poly).
 Enhanced HER activity was ascribed to the synergistic effect.
